OBJECTIVES: The aim of this research is to investigate the histological and mechanical properties of decellularized aortic intima-media, a promising cardiovascular biomaterial.
INTRODUCTION
Cardiovascular diseases such as aortic aneurysm, aortic stenosis and arteriosclerosis are a major cause of mortality worldwide. Currently available prostheses are associated with major limitations. A paramount goal for the field of biomaterials is to treat cardiovascular diseases with appropriately sized materials including heart valve leaflets, blood vessel patches and blood prostheses. Recently, decellularized tissues have been extensively investigated for use as novel biomaterials for various tissues and organs [1] [2] [3] [4] [5] [6] [7] [8] .
Compared with other biomaterials, decellularized tissues have major advantages including ideal mechanical properties, biocompatibility and regenerative properties. The decellularized aorta is widely accepted as a well-developed, decellularized tissue.
The fundamental properties of decellularized tissue are important for its successful utilization in medicine. Among various characteristics, the mechanical properties are among the most critical physical aspects for soft biomaterials. Here, we report on the mechanical properties of decellularized aortic intima-media prepared by two methods: a chemical and a mechanical decellularization method. Sodium dodecyl sulphate (SDS) treatment is one of the most widely used decellularization methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . SDS is a powerful detergent that can remove cells from tissue effectively. Alternatively, high hydrostatic pressurization (HHP) treatment is a physical method of removing cells from tissue that was developed by our research team. The HHP method uses high pressure to disrupt the cell membrane and wash out cellular debris [6, [10] [11] [12] . In this study, decellularized aortic intima-media with a desirable thickness was prepared, and its potential as a cardiovascular biomaterial was investigated. We compared the structure, tensile strength and other mechanical properties of decellularized aortic intima-media prepared using both decellularization methods. until use. Phosphate-buffered saline (PBS) and trypsin were purchased from Thermo Fisher Scientific Co. Ltd, USA. Gentamicin, agarose, MgCl 2 and SDS were purchased from Wako Chemical Co. Ltd, Japan. Tris-(hydroxymethyl)-aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Co. Ltd, USA. DNase and RNase were obtained from Roche Diagnostics K.K., Japan. Isodine (10%) was purchased from Meiji Seika Co. Ltd, Japan. All reagents were of analytical grade and used without further purification.
Preparation of decellularized porcine aorta
Porcine aortas were washed with saline, and the outer fat layer was trimmed. Then, the aortas were decellularized by treatment with either the SDS or the HHP method. HHP decellularization was performed according to the following protocol. Native aortas were cut along the longitudinal direction, and the aorta sheet was placed into a plastic bag filled with saline. After the cells were destroyed by pressurizing the samples at 980 MPa for 10 min at 30°C [6] , the samples were taken out of the plastic bag and washed with DNase (0.2 mg/ml) and MgCl 2 (50 mM) in saline at 4°C for 7 days, followed by washing with PBS for 7 days.
SDS decellularization was performed by first performing overnight sterilization of native aortas in 10% isodine before washing the samples with saline containing 100 μg/ml gentamicin. The samples were placed in Tris buffer with 0.1% EDTA for 24 h at 4°C. They were later rinsed with 0.1% EDTA in PBS. The samples were incubated with 0.5% agarose and 1.25% trypsin for 4 h at 37°C, and then rinsed with 0.1% EDTA in PBS for 2 h. This was followed by a wash with 10 mM Tris buffer with 0.1% EDTA and 0.1% SDS for 24 h at room temperature, and then rinsing with PBS thrice. The samples were then washed with 50 mM Tris-HCl buffer with 10 mM MgCl 2 , 50 μg/ml BSA, 50 U/ml DNase and 1 U/ml RNase for 4 h at 37°C. Finally, they were washed with 0.1% EDTA in PBS for 72 h [2] .
Untreated porcine aortas were used as controls. The intimamedia was peeled from the aortas at a thickness of 0.5 mm. The samples were stored in saline at 4°C and removed shortly before use.
Histological evaluation
Samples treated by both decellularization methods were fixed for 24 h at room temperature in a neutral-buffered ( pH 7.4) solution of 10% formalin in PBS. The samples were then dehydrated with 70% ethanol for 6 h, 80% ethanol for 6 h, 90% ethanol for 6 h and 100% ethanol for 12 h. The ethanol in the sample was then replaced with xylene and the samples were submerged in 100% xylene for 24 h. Subsequently, the xylene in the sample was replaced with paraffin and the samples were submerged in paraffin wax at 70°C for 24 h. Finally, the samples were embedded into paraffin. They were then cut into 4-μm-thick sections and stained with haematoxylin and eosin (HE) or Elastica van Gieson (EVG) stains.
Mechanical properties
The mechanical strength of the untreated aorta and the decellularized aortas was evaluated in the circumferential and longitudinal directions. All samples were cut into dumbbell-shaped pieces. The test pieces were 15-20 mm long and 2 mm wide. Wall thicknesses were measured using a creep metre, RE2-33 005 B (Yamaden Co. Ltd, Japan), for each sample. Stress-strain curves were obtained using a Tensilon universal testing machine (RTC-1150A, Orientec Co. Ltd). Each sample was strained at a rate of 5 mm/min.
Korossis et al. reported that the stress-strain curve was divided into three phases: the early phase, transition phase and later phase [2, [13] [14] [15] . Figure 1 shows a schematic drawing of the stressstrain relationships for collagen and elastin fibres of aortic tissue [13] [14] [15] . At the beginning of the strain, the stress is primarily sustained by the elastin fibres; this is known as the early phase. The strain then increases during the transition phase. Finally, the collagen fibres become the major stress-bearing components during the later phase. The elastic modulus of the early phase, the elastic modulus of the later phase, the ultimate tensile strength (UTS), and the failure strain can be obtained from the stress-strain curves. The stress was normalized by the cross-sectional area (N/mm 2 ). The unit of strain was normalized by the initial length of the samples to calculate the strain as a percentage. These parameters can be used to obtain the typical stress-strain curve of blood vessel tissue. The parameters from each group were averaged for the specimens in each group (n = 5). Results were expressed as the mean ± standard deviation (SD). The individual means from each treatment group were compared by Student's t-test. Figure 2 shows HE-stained sections (A-C) and EVG-stained sections (D-I) of untreated samples and decellularized samples in the circumferential direction. From the HE staining, it is clear that there were no cells in the samples treated by the HHP and SDS methods. Overall, the structure of the HHP-treated samples was similar to that of the untreated samples. The lamellar elastin fibrils were crimped with small wave-like shapes, and the collagen fibres were crimped between the two fenestrated sheets of elastin. In contrast, the lamellar elastin fibrils of the SDS-treated samples were straight and had large wave-like shapes. The inter-lamellar fine elastin fibrils were partly removed. The inter-lamellar space of the SDS treated samples was enlarged, and the lamellar elastin fibrils at the intima surface appeared to be fragmented ( Fig. 2C and F) .
RESULTS

Histological characterization of the aortic intima-media
Stress-stain curve of aortic intima-media
Representative stress-stain curves are shown in Figure 3 . The curves clearly show that, for both the longitudinal direction and circumferential direction, the curves for the HHP-treated samples were similar to those of the untreated samples. In contrast, the slopes of the SDS-treated samples were lower than those of the untreated and HHP-treated samples. In the longitudinal direction, the transition phase between the early phase and later phase was enlarged after decellularization by the HHP method; this effect was not observed in the circumferential direction.
Calculated mechanical properties of aortic intima-media
The mechanical parameters of the porcine aortic intima-media treated by different methods are shown in Figure 4 . In the untreated samples, the elastic modulus of the early phase and the failure strain were not significantly different between the circumferential direction and the longitudinal direction ( Fig. 4A and D) . The UTS and the later phase elastic modulus in the circumferential direction were significantly larger than those in the longitudinal direction ( Fig. 4B and C) . Overall, all the mechanical properties of the HHP-treated samples were similar to those of the untreated samples. The SDS-treated samples had significantly lower earlyphase elastic modulus, later-phase elastic modulus and UTS, but a significantly higher failure strain when compared with the untreated samples. These results indicate that the porcine aorta became softer and weaker after SDS decellularization.
DISCUSSION
The mechanical properties of the native aorta and intima-media ( peeled native aorta) were compared (Fig. 3A) . The early-phase modulus and UTS of the intima-media were higher than those of the native aorta, which suggests that the internal elastic lamina, which is a component of the intima-media, plays a critical role in the mechanical properties of the entire aorta. The mechanical properties of the intima-media (with the internal elastic lamina) and media (without the internal elastic lamina) are presented in the Supplementary material, Fig. S1 . For the untreated samples, the early-phase modulus of the intima-media was larger than that of the media. The UTS of the intima-media was larger than that of the media, but no significant difference was observed. Hence, it is recommended that this component of the aorta should be carefully considered when preparing cardiovascular biomaterials from aortic tissue.
The mechanical properties of the intima-media depend on the direction of the stress. Although the early-phase elastic modulus and the failure strain were not depended on the direction of the stress in this study, the UTS and the later-phase elasticity modulus showed higher values in the circumferential direction than in the longitudinal direction. Studies have shown that the mechanical properties of the aorta are mainly imparted by the elastin and collagen components [13] [14] [15] . The early-phase elasticity modulus, which is mainly dependent on elastin, showed no significant difference between the longitudinal direction and circumferential direction (Fig. 4A) . In contrast, the later-phase elasticity modulus, which is dependent on the collagen fibres, was affected by the direction of stress (Fig. 4C) , because the collagen fibres in the aorta are mainly aligned in the circumferential direction [9] . In contrast, the elastin sheets showed no orientation in the longitudinal direction or circumferential direction. These findings suggest that collagen fibrils of the intima-media are mainly aligned in the circumferential direction.
Different decellularization processes can alter the structure of the aorta. In the HHP-treated samples, the elastin and collagen fibres were well preserved, whereas the inter-lamellar spaces of the SDS-treated samples increased. The components of the fenestrated elastin sheets were partly removed (Fig. 2F and I) . The HHP decellularization method is an effective tool for destroying the cell membrane without removing cell debris and stromal components [6] . In contrast, because SDS is a powerful detergent, excessive washing time for the peeled thin intima-media would induce excessive elimination of cells and extracellular components [3] . Furthermore, the morphological loosening of the intercellular matrix fibres may also be caused by the application of trypsin in the washing process [3] . These effects would alter the tissue structure and thus result in different mechanical properties for the decellularized tissues. As shown in Figure 2C , F and I, the internal elastic lamina of SDS-treated sample was not good, which contributed to the decrease in the measured mechanical properties. There was a difference in the stress-strain curve in the longitudinal direction between the untreated and HHP-treated aortic intimamedia, possibly because the collagen-collagen interactions or collagen-elastin interactions in the intima-media were relaxed by the high pressure or washing process. The collagen fibres in blood vessels are mainly aligned in the circumferential direction and the compression ratios in the circumferential and longitudinal directions are therefore likely different, which may have resulted in the observed decrease in mechanical parameters in the longitudinal direction.
In Table 1 , the mechanical properties of human cardiovascular tissues such as heart valves, pericardia and the iliac artery and vein are compared with those of the decellularized aortic intimamedia of the present study [16] [17] [18] [19] . It should be noted that all human cardiovascular tissues have a fibre orientation similar to that of the decellularized aortic intima-media. The elastic modulus of HHP-treated samples was lower than that of heart valves and pericardia, but similar to that of the iliac artery and vein. In contrast, the UTS of the HHP-treated samples was higher than that of heart valves, which suggests that decellularized aortic intima-media can be used as a cardiovascular biomaterial. The HHP-decellularized aortic intima-media could potentially be used in situations where the blood pressure is high, such as in arteries and heart valves. In contrast, the elastic modulus of the SDS-decellularized samples was lower than that of the heart valves, pericardia, and iliac artery and vein, thus implying that the tissue is mechanically weaker. The HE images show many voids where early in vivo recellularization is expected. Therefore, SDS-decellularized aortic intima-media may be used for applications in environments with low blood pressure, e.g. as coverage materials or vein substitutes. These results show the feasibility of obtaining various cardiovascular biomaterials with different properties by selecting the appropriate decellularization method.
The limitation of this study is that we only used an aorta model; our results cannot be extrapolated to other types of tissues. Furthermore, the sample size was too small to infer any general effects. Another major limitation is that no standardized method is available for peeling the intima-media layer. Although we can reproduce our results, the lack of a standard peeling method may result in differences among researchers performing the task. n.d.: no data. a n = 10. b n = 5.
